Microbial culturomics, which investigates microbial diversity by combining diversified culture conditions, matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry and 16S rDNA identification, allowed to identify five new species within the Bacillus genus.
Introduction
The genus Bacillus (Cohn, 1872), classified among the Firmicutes, was created in 1872 [1] . Bacillus species are strictly aerobic or anaerobic-tolerant rod-shaped bacteria that are able to form endospores [2] [3] [4] . Bacilli colonize a wide range of environments (soil, water) and human organisms. Several Bacillus species present a biotechnologic interest because of their metabolism, and some of them, as Bacillus thuringiensis, are known to be pathogenic for human beings [3] . Since the creation of the Bacillus genus, 221 new species with validly published names standing in nomenclature have been identified (Fig. 1) . The development of PCR techniques at the end of the 1980s and now faster genome sequencing allow the number of Bacillus species identified to significantly increase; it also permits some strains to be reclassified as only one species because their description was based only on phenotypic observation. In this study, we used a new approach including genome sequencing, matrix-assisted desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) spectrum and main phenotypic characteristics [5] [6] [7] [8] [9] to describe five new Bacillus species.
Bacillus massiliglaciei strain Marseille-P2600 T , Bacillus mediterraneensis strain Marseille-P2384 T , Bacillus massilinigeriensis There are all Gram-positive bacilli and facultatively anaerobic. They were respectively isolated from a Siberian permafrost sample (B. massiliglaciei), the stool sample of a healthy Senegalese boy (B. mediterraneensis), the stool sample of a healthy Nigerien girl (B. tuaregi and B. massilinigeriensis) and the stool sample of a Senegalese boy with kwashiorkor (B. phocaeensis). These isolations were part of the culturomics study aimed at exploring microbial diversity using multiple culture conditions [8] .
Phylogenetic relationships based on the 16S ribosomal RNA gene have been used to classify these strains among the Bacillus genus. However, our study uses a new concept of bacterial description combining a proteomics analysis with the MALDI-TOF MS profile [8] , associated with phenotypic and genomic descriptions of these five new species.
Here we present a summary of the classification, main features and complete genomic sequencing and annotation of Bacillus massiliglaciei strain Marseille-P2600 T 
Material and Methods
Strain identification by MALDI-TOF MS and 16S rRNA sequencing According to the culturomics approach, 18 conditions have been tested on samples to isolate these strains, as previously described by Lagier et al. [9] . The origin of the samples and conditions of isolation are summarized in Table 1 . All the human samples were obtained after the child's parent's approval, and the study was approved by the Institut Fédératif de Recherche 48, Faculty of Medecine, Marseille, France, under agreement number 09-022. Purified colonies were then identified by MALDI-TOF MS using a Microflex LT spectrometer and a MSP 96 MALDI-TOF target plate (Bruker Daltonics, Bremen, Germany), as previously described [6] . The obtained spectra were imported into Consequently, sequencing of 16S rRNA gene was realized in order to identify these strains. DNA was previously extracted by EZ1 DNA Tissue Kit using BioRobot EZ1 Advanced XL (Qiagen, Courtaboeuf, France). The amplification and purification of the 16S rRNA gene was done as previously described by means of the universal primer pair fD1 and rP2 (Eurogentec, Angers, France). Sequencing was then done using the Big Dye Terminator v1.1 Cycle Sequencing kit and ABI Prism 3230xl Genetic Analyzer capillary sequencer (Applied Biosystems; Thermo Fisher Scientific Life Sciences, Waltham, MA, USA), as previously described [10] . The 16S rRNA nucleotide sequences were assembled and corrected using CodonCode Aligner software (http://www.codoncode.com), and the BLASTn searches were performed against the GenBank National Center for Biotechnology Information (NCBI) database (http://blast.ncbi. nlm.nih.gov.gate1.inist.fr/Blast.cgi) to determine the percentage of similarity with the closest bacteria. A similarity threshold of <98.7% allows the definition of a new species, whereas a threshold of <95% allows the definition of a new genus without performing DNA-DNA hybridization (DDH) [11] .
Phylogenetic analysis A custom Python script was used to automatically retrieve all species from the same family of the new species and download 16S sequences from NCBI by parsing NCBI eUtils results and the NCBI taxonomy page. It only keeps sequences from type strains. In case of multiple sequences for one type strain, it selects the sequence obtaining the best identity rate from the BLASTn alignment with our sequence. The script then separates 16S sequences into two groups: one containing the sequences of strains from the same genus (group A) and one containing the others (group B). It finally considers all Bacillus strains with valid names from group A and the closest one from group B.
Phenotypic, biochemical and antibiotic susceptibility tests The ideal growth conditions of our strains were determined by testing five growth temperatures (20, 25, 30, 37 and 45°C) in an aerobic atmosphere with or without 5% CO 2 , and under anaerobic and microaerophilic conditions using the GENbag anaer and GENbag microaer systems respectively (bioMérieux, Marcy l'Étoile, France). Phenotypic characteristics such as Gram staining, motility, sporulation, and catalase and oxidase activities were tested as previously described [12] . Negative staining was done in order to observe cellular morphology. Cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer for at least 1 hour at 4°C
. A drop of cell suspension was deposited for approximately 5 minutes on glow-discharged formvar carbon film on 400 mesh nickel grids (FCF400-Ni, EMS). The grids were dried on blotting paper, and the cells were negatively stained for 10 seconds with 1% ammonium molybdate solution in filtered water at room temperature. Electron micrographs were acquired with a Tecnai G20 Cryo (FEI Company, Limeil-Brevannes, France) transmission electron microscope operated at 200 keV.
Biochemical analysis of strains Marseille-P2600 T , Marseille-
P2366
T , Marseille-P2384 T , Marseille-P2489 T and SIT16 T was carried out using API 50CH, API 20NE and API ZYM strips according to the manufacturer's instructions (bioMérieux). Cellular fatty acid methyl ester (FAME) analysis was performed by gas chromatography/mass spectrometry (GC/MS). FAMEs were prepared, and GC/MS analyses were carried out as described previously [13, 14] . Briefly, FAMEs were separated using an Elite 5-MS column and monitored by mass spectrometry (Clarus 500-SQ 8 S; Perkin Elmer, Courtaboeuf, France). A spectral database search was performed using MS Search 2.0 operated with the Standard Reference Database 1A (National Institute of Standards and Technology, Gaithersburg, MD, USA) and the FAME mass spectral database (Wiley, Chichester, UK). Antibiotic susceptibility was tested by Etest (bioMérieux).
Genome sequencing, annotation and comparison Genomic DNA (gDNA) of strain SIT16
T and strain Marseille-P2489 T were first extracted through a mechanical treatment by acid-washed glass beads (G4649-500g; Sigma-Aldrich, St. Louis, MO, USA) using a FastPrep BIO 101 instrument (Qbiogene, Strasbourg, France) at maximum speed (6.5) for 3 × 30 seconds. Then for all the others strains 2 hours' lysozyme incubation at 37°C was done, and gDNA was extracted on the EZ1 biorobot (Qiagen) with EZ1 DNA tissues kit. The elution volume was 50 μL. gDNA was quantified by a Qubit assay with a high-sensitivity kit (Life Technologies, Carlsbad, CA, USA) (Supplementary Table S1 ). gDNA was sequenced on the MiSeq Technology (Illumina, San Diego, CA, USA) with the mate pair strategy. The gDNA was barcoded in order to be mixed with 11 other projects with the Nextera Mate Pair sample prep kit (Illumina).
The mate pair library was prepared with 1.5 μg of gDNA using the Nextera mate pair Illumina guide. The gDNA sample was simultaneously fragmented and tagged with a mate pair junction adapter. The pattern of fragmentation was validated on an Agilent 2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA) with a DNA 7500 labchip. The DNA fragments ranged in size from 1.5 to 11 kb (with an optimal size at 5. Table S1 ).
The libraries were normalized at 2 nM and pooled. After a denaturation step and dilution at 15 pM, the pool of libraries was loaded onto the reagent cartridge and then onto the instrument along with the flow cell. Automated cluster generation and sequencing run were performed in a single 39-hour run in a 2 × 151 bp (2 × 261 bp for Marseille-P2366
T and
Marseille-P2384 T ). The paired reads were finally trimmed and assembled. Complementary information is available in Supplementary Table S1 .
Open reading frames (ORFs) were predicted using Prodigal [15] with default parameters, but the predicted ORFs were excluded if they spanned a sequencing gap region. The predicted bacterial protein sequences were searched against the GenBank database [16] and the Clusters of Orthologous Groups database (COGs) database using BLASTP (E value 1e-03, coverage 0.7 and identity percentage of 30%). If no hit was found, it was searched against the NR database using BLASTP with an E value of 1e-03, coverage of 0.7 and an identity percentage of 30%, and if the sequence length was smaller than 80 amino acids (aa), we used an E value of 1e-05. The tRNAScanSE tool [17] was used to find tRNA genes, while ribosomal RNAs were found using RNAmmer [18] . Lipoprotein signal peptides and the number of transmembrane helices were predicted using Phobius [19] . Mobile genetic elements were predicted using PHAST [20] and RAST [21] . ORFans were identified if all the BLASTP performed did not give positive results (E value smaller than 1e-03 for ORFs with sequence size larger than 80 aa or E value smaller than 1e-05 for ORFs with sequence length smaller than 80 aa). Such parameter thresholds have already been used in previous studies to define ORFans. Artemis [22] and DNAPlotter [23] were used for data management and the visualization of genomic features respectively. The Mauve alignment tool (version 2.3.1) was used for multiple genomic sequence alignment [24] . Closest species for genomic comparisons were identified in the 16S RNA tree using the PhyloPattern software [25] . For each selected genome, the complete genome sequence, proteome genome sequence and Orfeome genome sequence were retrieved from the NCBI FTP site. An annotation of the entire proteome was performed to define the distribution of functional classes of predicted genes according to the COGs of proteins (using the same method as for the genome annotation). Annotation and comparison processes were performed by the multiagent software system DAGOBAH [26] , which includes Figenix [27] libraries which provide pipeline analysis. To evaluate the genomic similarity between studied genomes, we determined two parameters, digital DDH (dDDH), which exhibits a high correlation with DDH [28] , and average genomic identity of orthologous gene sequences (AGIOS), which was designed to be independent from DDH. The AGIOS score is the mean value of nucleotide similarity between all couples of orthologous proteins and between the two studied genomes [29] .
Results

Strain identification and phylogenetic analysis
The phylogenetic trees of our strains are provided in Fig. 2 . All five studied strains present a similarity threshold of <98.7%, allowing us to define them as new species. Strain Marseille-P2600 T (accession no. LT223699) revealed 98% sequence similarity with the 16S rRNA of Bacillus foraminis strain CV53, the closest species with a validly published name. We therefore suggested that our strain is a representative strain of a new species within the genus Bacillus for which we suggest the name 'Bacillus massiliglaciei' strain Marseille-P2600 T (= CSUR P2600 = DSM 102861). Strain Marseille-P2366 T (accession no.
LT161887) revealed 97% sequence similarity with the 16S rRNA of Bacillus acidicola strain 105-2, the closest species with a validly published name. We therefore suggested that our strain is a representative strain of a new species within the genus Bacillus for which we suggest the name 'Bacillus massilinigeriensis' strain Marseille-P2366 T (= CSUR P2366 = DSM 102112). Strain Marseille-P2384 T (accession no. LT16188) revealed 98% sequence similarity with the 16S rRNA of Bacillus foraminis strain CV53, the closest species with a validly published name. Strains Marseille-P2600 T and Marseille-P2384 T present 97% 16S rRNA sequence similarity. We therefore suggested that our strain is a representative strain of a new species within the genus Bacillus for which we suggest the name 'Bacillus mediterraneensis' strain Marseille-P2384 T (= CSUR P2384 = DSM 102091). Strain Marseille-P2489 T (accession no. LT223701) revealed 97% sequence similarity with the 16S rRNA of Bacillus benzoevorans strain DSM 5391, the closest species with a validly published name. We therefore suggested that our strain is a representative strain of a new species within the genus Bacillus for which we suggest the name 'Bacillus tuaregi' strain Marseille-P2489 T (= CSUR P2489 = DSM 103460). Strain SIT16 T (accession no. LN881595) revealed 96% sequence similarity with the 16S rRNA of Bacillus acidicola strain 105-2, the closest species with a validly published name. Strains Marseille-P2366 T and SIT16 T present 97% 16S rRNA sequence similarity. We therefore suggested that our strain is a representative strain of a new species within the genus Bacillus for which we suggest the name 'Bacillus phocaeensis' strain SIT16 T (= CSUR P2184 = CCUG 69739).
All the spectra (Fig. 3A ) of these new species have been integrated into the URMITE database (http://www. Due to high number of Bacillus species, only branches which included our studied strains are represented. Groups which are included in these branches but are not informative are indicated by black pictograms.
NMNI mediterranee-infection.com/article.php?laref=266&titre=urms-database). A comparison of the proteomic profiles was made between our strains and their closest species (Fig. 3B ). An analysis of the gel view shows that all the profiles of our studied strains share similar general characteristics with the other Bacillus species used for comparison. Furthermore, the outsider species Ornithinibacillus contaminans profile shows several unique differences.
Phenotypic features
In Table 2 , data from our five new species are compared to published data of close species: Bacillus foraminis type strain CV53 [30] , Bacillus acidicola type strain 105-2 [31] and Bacillus nealsonii type strain DSM 15077 [32] . Results show that morphologic description and notably cell shape and colonies' aspect support that these five new species are members of the Bacillus genus. These morphologic observations have been allowed by electronic microscopy (Fig. 4) which reveals a similar morphology. These results are supported by API profiles (Supplementary Tables S2-S4 ) which are coherent for
Bacillus species. The cellular fatty acid compositions of our strains are provided in Table 3 ; antibiotic analyses are presented in Table 4 . We can observe in Table 3 that the major cellular fatty acid in all the presented Bacillus strains is 13-methyl-tetradecanoic acid, except for strain Marseille-P2489
T , for which 12-methyl-tridecanoic acid is the most abundant cellular fatty acid. However, 13-methyl-tetradecanoic acid is the second most abundant. In Table 4 , the minimum inhibitory concentrations (in μg/mL) of five antibiotics classically used with Gram-positive bacteria are presented. We notice that the five Bacillus species show very weak minimum inhibitory concentrations, as described for the majority of known Bacillus species [33, 34] . These results support the notion that these strains are all members of the Bacillus genus.
Genome description and comparison
Maps of genomes of our different strains are presented in Supplementary Fig. 1 . The properties and statistics of the genomes are summarized in Table 5 , and the distribution of predicted genes of our strains according to COGs categories is shown in Table 6 . We can observe that for all the 26 general COGs functional categories, the values of our five new Bacillus species are in the same range. The genomic characteristics of our strains are compared to those of closely related species with an available genome in Table 7 . Although the genome of 
Conclusion
In this study we used a new polyphasic approach, developed in our laboratory, to describe five new species of the Bacillus genus. This concept is based on the genome sequence, MALDI-TOF MS identification and main phenotypic characteristics of the studied new species. As previously observed, the presented strains, which have been isolated from diverse origins, possess close phenotypic results, including notable morphologic and biochemical properties. Description of Bacillus massiliglaciei sp. nov.
Bacillus massiliglaciei (massiliglaciei is composed of mas.si.li, L. masc. adj. massili, from Massilia, the old Roman name for Marseille, where the strain was isolated, and gla.ci 0 ei, L. gen. n.
glaciei, 'of ice,' referring to the isolation source of the strain). Cells are Gram-positive bacilli and are fusiform shaped, with a length ranging from 2 to 5 μm and a width ranging from 0.5 to 0.6 μm. This strain exhibited catalase activity but no oxidase activity. Bacillus massiliglaciei is motile and spore forming. Colonies are circular and grey, with a diameter of 0.4 to 0.5 mm. Optimum growth occurs at 37°C in an aerobic atmosphere on Colombia agar enriched with 5% sheep's blood after 24 hours' growth. API ZYM analysis shows that B. massiliglaciei has positive activity for only esterase, esterase lipase, naphthol-AS-BIphosphohydrolase and N-acetyl-β-glucosaminidase. All the results of API ZYM galleries are indicated in Supplementary  Table S2 . API 20NE analysis revealed that B. massiliglaciei has a positive hydrolysis activity for protease and is able to assimilate only glucose, arabinose, mannitol, potassium gluconate, malate and trisodium citrate. All the results of API 20NE galleries are indicated in Supplementary Table S3 . API 50CH analysis shows that B. massiliglaciei is able to ferment only Dribose, D-glucose and D-mannitol. All the results of the API 50CH galleries are provided in Supplementary Table S4 .
Strain Marseille-P2600 T was susceptible to amoxicillin (0.16 μg/mL), minocycline (0.64 μg/mL), penicillin G (0.47 μg/ mL), imipenem (0.32 μg/mL) and vancomycin (0.125 μg/mL).
The major fatty acid is 13-methyl-tetradecanoic acid. gen. adj. nigeriensis, 'of Niger,' referring to the nationality of the people who provided the stool samples). Cells are Gram-positive bacilli and are fusiform shaped with a length ranging from 3.5 to 5.0 μm and a width of 0.5 μm. This strain exhibited catalase activity but no oxidase activity. Bacillus massilinigeriensis is motile and non-spore forming. Colonies are circular, smooth and grey, with a diameter of 0.6 to 0.8 mm. Optimum growth occurs at 37°C + 5% CO 2 in an aerobic atmosphere on Colombia agar enriched with 5% sheep's blood after 24 hours' growth. API ZYM analysis shows that B. massilinigeriensis has positive activity for only esterase, esterase lipase, naphthol-AS-BI-phosphohydrolase and α-glucosidase (Supplementary Table S2 ). API 20NE analysis shows that all results for B. massilinigeriensis are negative (Supplementary Table S3 ). API 50CH analysis shows that B. massilinigeriensis is able to ferment only D-glucose (Supplementary Table S4 ). T was susceptible to amoxicillin (0.5 μg/mL), minocycline (0.5 μg/mL), penicillin G (0.47 μg/mL), imipenem (0.001 μg/mL) and vancomycin (0.293 μg/mL). The major fatty acid is 13-methyl-tetradecanoic acid.
The genome of strain Marseille-P2366 T is 4 216 915 bp long with 36.7% G + C content. The 16S rRNA and genome sequences are available in the EMBL-EBI database under accession numbers LT161887 and FOJL00000000 respectively. The type strain Marseille-P2366 T (= CSUR P2366 = DSM 102112) was isolated from the stool of a healthy Nigerien girl. Its habitat is the human digestive tract.
Description of Bacillus mediterraneensis sp. nov.
Bacillus mediterraneensis (me.di.ter.ra.neen 0 sis, L. masc. adj.
mediterraneensis, from the Mediterranean Sea, which borders Marseille, where the strain was found). Cells are Gram-positive bacilli and are fusiform shaped with a length ranging from 2.0 to 5.0 μm and a width ranging from 0.4 to 0.6 μm. This strain exhibited no catalase and no oxidase activities. Bacillus mediterraneensis is motile and spore forming. Colonies are circular, smooth and grey, with a diameter of 0.7 to 1.0 mm. Optimum growth occurs at 37°C in an aerobic atmosphere on Colombia agar enriched with 5% sheep's blood after 24 hours' growth. API ZYM analysis shows that B. mediterraneensis has positive activity for only naphthol-AS-BIphosphohydrolase (Supplementary Table S2 ). API 20NE analysis shows that B. mediterraneensis has a positive hydrolysis activity for protease (Supplementary Table S3 ). API 50CH analysis shows that B. mediterraneensis is able to ferment only L-arabinose, D Table S4) .
Strain Marseille-P2384 T was susceptible to amoxicillin (<0.16 μg/mL), minocycline (0.213 μg/mL), penicillin G (0.003 μg/mL), imipenem (0.006 μg/mL) and vancomycin (0.158 μg/mL). The major fatty acid is 13-methyl-tetradecanoic acid.
The genome of strain Marseille-P2384 T is 3 340 955 bp long with 42.3% G + C content. The 16S rRNA and genome sequences are available in the EMBL-EBI database under accession numbers LT161888 and FPDX00000000 respectively. The type strain Marseille-P2384 T (= CSUR P2384 = DSM 102091) was isolated from the stool of a healthy Senegalese boy. Its habitat is the human digestive tract.
Description of Bacillus tuaregi sp. nov.
Bacillus tuaregi (tua.reg 0 i, L. masc. adj. tuaregi, from the Tuareg people, the ethnicity of the donor whose stool was used to isolate the strain). Cells are Gram-positive bacilli and are fusiform shaped with a length ranging from 3.5 to 5.0 μm and a width ranging from 0.5 to 1.0 μm. This strain exhibited no catalase and no oxidase activities. Bacillus tuaregi is motile and non-spore forming. Colonies are small, circular and grey, with a diameter of 0.2 to 0.3 mm. Optimum growth occurs at 37°C in an aerobic atmosphere on Colombia agar enriched with 5% sheep's blood after 24 hours' growth. API ZYM analysis shows that B. tuaregi has positive activity for only esterase lipase and naphthol-AS-BIphosphohydrolase (Supplementary Table S2 ). API 20NE analysis shows that B. tuaregi has any positive results (Supplementary  Table S3 ). API 50CH analysis shows that B. tuaregi is able to ferment only L-arabinose, D-ribose, D-glucose, D-fructose, Dmannitol, Methyl-αD-glucopyranoside, D-maltose and D-trehalose (Supplementary Table S4) .
Strain Marseille-P2489 T was susceptible to amoxicillin (<0.16 μg/mL), minocycline (<0.16 μg/mL), penicillin G (0.005 μg/ mL), imipenem (0.004 μg/mL) and vancomycin (0.293 μg/mL). The major fatty acid is 12-methyl-tridecanoic acid. The genome of strain Marseille-P2489 T is 4 863 528 bp long with 39.45% G + C content. The 16S rRNA and genome sequences are available in the EMBL-EBI database under accession numbers LT223701 and FNLH00000000 respectively. The type strain Marseille-P2489 T (= CSUR P2489 = DSM 103460) was isolated from the stool of a healthy Nigerien girl. Its habitat is the human digestive tract.
Description of Bacillus phocaeensis sp. nov.
Bacillus phocaeensis (pho.cae.en 0 sis, L. masc. adj. phocaeensis, from Phocea, to refer to the city of Marseille, where the strain was isolated). Cells are Gram-positive bacilli and are fusiform shaped with a length ranging from 2.5 to 4.0 μm and a width ranging from 0.5 to 0.7 μm. This strain exhibited catalase but no oxidase activities. Bacillus phocaeensis is motile and spore forming. Colonies are circular, smooth and grey, with a diameter of 0.5 to 0.8 mm.
Optimum growth occurs at 37°C in an aerobic atmosphere on Colombia agar enriched with 5% sheep's blood after 24 hours' growth. API ZYM analysis shows that B. phocaeensis has positive activity for only esterase, esterase lipase and α-glucosidase (Supplementary Table S2 ). API 20NE analysis shows that B. phocaeensis has a positive hydrolysis activity for protease (Supplementary Table S3 ). API 50CH analysis shows that B. phocaeensis is able to ferment only D-glucose, D-fructose, salicin, D-cellobiose, D-maltose, D-lactose and inulin (Supplementary Table S4 ).
Strain SIT16 T was susceptible to amoxicillin (<0.16 μg/mL), minocycline (<0.16 μg/mL), penicillin G (0.005 μg/mL), imipenem (0.083 μg/mL) and vancomycin (0.19 μg/mL). The major fatty acid is 13-methyl-tetradecanoic acid.
The genome of strain SIT16 T is 4 561 140 bp long with 38.3%
G + C content. The 16S rRNA and genome sequences are available in the EMBL-EBI database under accession numbers LN881595 and FBXX00000000 respectively. The type strain SIT16 T (= CSUR P2184 = CCUG 69739) was isolated from the stool of a Senegalese boy with kwashiorkor. Its habitat is the human digestive tract.
